Hypoxic injury was evaluated morphologically in the proximal tubule and in the medullary thick ascending limb of isolated rat kidneys perfused for 90 min without O2 or with various metabolic inhibitors. Inhibition of mitochondrial respiration (with rotenone, antimycin, oligomycin) or of intermediary metabolism (with monofluoroacetate, malonate, 2-deoxyglucose) caused reduction in renal oxygen consumption, renal function, and ATP content comparable with those elicited by oxygen deprivation. Metabolic inhibition produced hypoxiclike injury in the first portions of the proximal tubule, S1 and S2 ("clubbing" of microvilli, mitochondrial swelling), and the extent of damage was correlated with the degree of ATP depletion. In the third portion of the proximal tubule, S3, hypoxiclike damage (cytoplasmic edema or fragmentation) occurred most consistently when both aerobic and anaerobic metabolism were inhibited simultaneously. In the medullary thick ascending limb, none of the metabolic or mitochondrial inhibitors used could reproduce the injury of oxygen deprivation. Thus, the proximal tubule and the thick ascending limb have markedly different responses to cellular energy depletion, suggesting disparate mechanisms for hypoxic injury along the nephron.
Introduction
In anoxic cell injury, certain common pathways leading to cell death have been proposed, including calcium influx, lipid peroxidation, and energy depletion (1, 2) . Cell types, however, differ in their response to 02 deprivation; for example, fibroblasts withstand anoxia better than neurons or renal epithelium (3) . It is generally assumed that these variations are related to differences in cellular metabolic rate. In the kidney, different segments of the nephron exhibit different metabolic rates as well as different types of metabolism (4) . Not only is there variation in the rate of metabolism along the nephron, but because of the architectural organization ofthe organ there is a corticomedullary gradient for oxygen with high oxygen tension in the cortex and very low oxygen tension, approaching critical levels, in the medulla (5) . To determine whether tissue damage induced by anoxia in the kidney is related to energy depletion, we compared the effects of hypoxia with those of inhibitors of aerobic and/or anaerobic metabolism in different segments of the proximal tubule Dr. Brezis is presently at the Department of Medicine, Hadassah University Hospital, Mount Scopus, Jerusalem, Israel. Receivedforpublication 21 March 1985 and in revisedform 17 May 1985.
as well as in the medullary thick ascending limb. The results indicate that these segments differ markedly in their response to energy depletion, suggesting disparate mechanisms for anoxic injury along the nephron.
Methods
Male Sprague-Dawley rats, weighing 310-470 g, fed on Purina rat chow (Ralston Purina Co., Chicago, IL) and allowed free access to water, were used for all experiments. Perfusion of the right kidney was performed according to the technique described by Ross et al. (6) . Regular perfusion medium, as used in control rats, consisted ofa Krebs-Ringer's-Henseleit solution with bovine serum albumin at a concentration of 6.7 g/100 ml and glucose at 5 mM, gassed with 5% C02, 95% 02-Unless specified otherwise, kidneys were perfused for 90 min before their fixation for histological evaluation.
Experimental groups (A) Control group (n = 17). Kidneys were perfused with regularly oxygenated perfusion medium. Under these conditions, the arterial P02 was 468.9±8.6 mmHg (mean±SE). The data from an earliergroup ofcontrol kidneys (n = 7) obtained at the beginning of the present study were found to be the same as those obtained in a newer group of control kidneys (n = 10) toward the end of the study -2 yr later. These results were pooled into a single control group unless specified otherwise.
(B) Hypoxicperfusions (n = 12). Kidneys were perfused with regular perfusion medium that was gassed with 5% C02, 95% N2 (n = 7). Under these conditions, the arterial P02 was 36.5±1.6 mmHg (mean±SE). In another set ofexperiments (n = 5) designed to produce histotoxic anoxia, regular oxygenation was used but the perfusion medium was supplemented with potassium cyanide (KCN) at a final concentration of 2.5 mM. Experimental groups C-E were designed to characterize the differential responses of nephron segments to mitochondrial/metabolic inhibition.
(C) Inhibitors ofmitochondrial respiratory chain (n = 19). Kidneys were perfused with regular perfusion medium (gassed with 5% C02, 95% 02) supplemented with one of the following inhibitors of electron mitochondrial transport: (1) rotenone, l0-s M (n = 6); (2) antimycin, 10-s M (n = 6); (3) oligomycin, 10-5-_100-M (n = 7). These compounds were purchased from Sigma Chemical Co. (St. Louis, MO) and dissolved in absolute ethanol on the day of their use.
(D) Inhibitors ofintermediary metabolism (n = 30). Kidneys were perfused with regularly oxygenated medium that was supplemented with one of the following inhibitors of intermediary metabolism: (1) sodium monofluoroacetate (MFAA)' 5 mM (n = 6); (2) sodium malonate, 25-50 mM (n = 5); (3) 2-deoxyglucose (2DG), 50 mM (n = 10). In six of the experiments with 2DG, glucose was omitted from the medium. Since the results, with or without glucose, did not differ, the two subgroups were pooled.
To test for the specificity ofthe effect obtained with metabolic blockade, reversal was sought with the addition of a substrate that would MFAA, 5 mM, and sodium succinate, 5-8 mM (n = 5); (5) MFAA, 5 mM, and sodium alpha ketoglutarate, 5-8 mM (n = 4). All chemicals were purchased from Sigma Chemical Co.
(E) Blockade of both aerobic and anaerobic metabolism (n = 11). To examine the effect of simultaneous inhibition of mitochondrial respiration and anaerobic glycolysis, kidneys were perfused with the following combinations: (1) rotenone, 10-1 M and 2DG, 50 mM (n = 6); (2) antimycin, l0-1 M and 2DG, 50 mM (n = 5).
Monitoring ofrenalfunction and QO2
Glomerular filtration rate (GFR) was estimated by clearance of '4C-inulin. Tubular sodium reabsorption (TRNa) and fractional potassium excretion (FeK) were expressed as percent filtered load. Because of gross tubular injury, backleak ofinulin might have occurred in the experimental groups. These results should therefore be viewed as apparent GFR, TRNa, and FeK. Oxygen uptake (Q02) was measured by the Fick method as previously described (7).
Isolated cell experiments
To test the efficacy ofthe mitochondrial inhibitors used on the medullary thick ascending limb (mTAL), a limited number of experiments were performed on isolated thick ascending limb cells prepared from the rabbit kidney as previously described (8) . Such experiments are difficult to do in the rat because of technical problems in obtaining viable separated tubules or cells and because of the amount of parenchyma needed. As shown in Fig. 1 , Q0°by the isolated mTAL cells was indeed markedly reduced by the mitochondrial inhibitors, which were used at the same concentration as in the perfused kidney in group C.
Determination ofATP content in renal tissue
Tissue ATP levels were measured in separate experiments, using 59 kidneys perfused for 20 min and frozen by immersion in liquid nitrogen. The cortex and entire medulla were separated by free hand dissection of the frozen tissue, on dry ice, in a cold room. The pieces of tissue were weighed out, pulverized in precooled mortars with repeated additions of liquid nitrogen, then rapidly mixed with 6% perchloric acid and homogenized. After an aliquot was taken for protein measurement, the homogenate was centrifuged and the supernatant neutralized with K2CO3 and recentrifuged. The final supernatant was frozen until analysis, which was usually within 24 h. The assay for ATP was the enzymatic assay described by Lamprecht and Trautschold (9) , who used chemicals purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN). Protein was determined by Lowry's method (10) . Levels of ATP obtained in freeze-clamped kidneys taken from anesthetized rats averaged 1.88±0.16 (SD) umol/100 mg protein (n = 17), which was comparable to values reported by others (1 1, 12) . Values obtained for freeze-clamped isolated perfused kidneys (see Fig. 2 ) were also comparable to values reported by others (13 (14, 15) . Partially involved tubules were counted as one-half. Tubules with cells having only nuclear changes or apical microvesicles were grouped with normal tubules in the category ofminimal lesions. Similarly, for S3, tubules were evaluated along a line through the midportion of the outer stripe for the presence of cytoplasmic edema or cell fragmentation, which were characteristic S3 lesions of hypoxia (14, 15) . Lesions other than these did not occur to any significant extent. The quantification ofinjury to the mTAL was performed as previously described (5) . The damage to mTAL in the inner stripe of the outer medulla was evaluated in three regions: outer (A), mid (B), and inner (C). A percentage score was used to indicate the fraction of tubules involved with minimal to mild (chromatin margination, minor degrees of mitochondrial swelling), moderate (blatant mitochondrial swelling with limited nuclear pyknosis), or severe (blatant mitochondrial swelling with extensive nuclear pyknosis and cell fragmentation) changes.
Statistical analysis
Results are presented as mean±SE. t test was generally used for comparison of different groups. Analysis of variance and Newman-Keul's multiple comparison procedure were used for the data presented in Table  I . Linear and curvilinear correlations were analyzed with help from the Division of Computer Medicine. Renalfunction (Table I ). In comparison with control perfusions (group A), all inhibitors of mitochondrial respiration (group C) led to marked reductions in GFR, sodium reabsorption, and Q02 in perfused kidneys, which were similar in general to the changes induced by hypoxia and cyanide (group B of mitochondrial respiration with rotenone, antimycin, or oligomycin depleted ATP levels more efficiently in the cortex (averaging 67% reduction from control) than in the medulla (48% reduction from control, P < 0.01 vs. cortex). The reverse was true when anaerobic glycolysis was reduced with 2DG (23% depletion in the cortex vs. 40% depletion in the medulla, P < 0.01). The combination of rotenone or antimycin with 2DG (group E) produced the most profound reductions of ATP levels in both cortex and medulla: 72 vs. 67% depletion, respectively (not significantly different from each other).
Morphological changes: proximal tubule (SI, S2). Morphological evaluation of the proximal tubule showed that ATP depletion produced marked structural alterations regardless of the way in which it was attained. In the first segments ofthe proximal tubule (SI and S2), clubbing of microvilli in the brush border and mitochondrial swelling were produced by hypoxia (Fig. 4 A) and cyanide (Fig. 4 B) . Qualitatively identical changes were observed after inhibition of intermediary metabolism ( Morphological changes: proximal tubule (S1). In the last segment of the proximal tubule (S3), hypoxic lesions (observed in group B) consisted of cytoplasmic edema or cell fragmentation (Fig. 5) . These lesions were not reproduced to any significant extent by the inhibitors of intermediary metabolism (group D; monofluoroacetate, malonate, or 2DG). Similar lesions were inconsistently reproduced by cyanide and by the inhibitors of mitochondrial respiration (group C), until more severe ATP depletion was reached by combining rotenone or antimycin with 2DG (Fig. 6 ). The extent of these changes was found to be inversely correlated with the medullary ATP content (Fig. 7 ).
Morphological changes: mTAL. Morphological evaluation ofthe mTAL showed divergent results, depending on the means used for ATP depletion (Fig. 3 B) . Hypoxia and cyanide (group B) intensified the anoxic damage regularly observed in controls (5, 16), as illustrated in Fig. 8 . By contrast, inhibition of mitochondrial respiration (group C) or of intermediary metabolism (group D) produced only minimal alterations in the mTAL, as illustrated in Fig. 9 , A-D. The combination of 2DG with a mitochondrial inhibitor (group E) led to the appearance of cytoplasmic edema and chromatin margination (Fig. 9 , E and F) but without cell fragmentation or nuclear pyknosis, lesions that are characteristic of mTAL hypoxia (5, 16, 17) , as represented in Fig. 8 . In fact, in all these experimental groups (C-E), metabolic inhibition significantly decreased the proportion of mTALS, demonstrating moderate to severe damage, as illustrated in Fig. 3 B. Detailed quantification ofthe injury to mTAL under these conditions is given in Fig. 10 .
Reversal ofproximal tubule and mTAL injury. Reversal of monofluoroacetate inhibition with succinate or alpha ketoglutarate was indicated by a significant increase in Q02 (Fig. 11) . In the proximal tubule, both succinate and alpha ketoglutarate (Fig. 1 1) . The close corcharacterlstic of relation between the morphological changes induced in the border clubbing s and Fig. 4). (B) proximal tubule by oxygen deprivation and inhibition of aerobic igical damage in metabolism indicate that decreased energy supply in this nephron AL include mitosegment is the probable cause of hypoxic injury to these cells. iic disruption as
In contrast to the proximal tubule, the response ofthe mTAL ke quantitation was paradoxical, since anoxic injury could not be reproduced s and Fig. 10) .
by metabolic inhibition. It should be pointed out that ATP levels in the whole medulla, as measured, are not an accurate measure of energy stores in the mTAL, since this segment constitutes on the other hand, only a small fraction ofthe entire medulla (22 electron flow in the face oflimited oxygen, a situation that might conceivably lead to the production of electron-dependent free radicals (25). It should be noted that under certain conditions, antimycin (26) and rotenone (27) can decrease the formation of oxygen-free radicals by mitochondria. In addition, the un- Inhibition of transport activity by ouabain can protect the mTAL from the effect of hypoxia (16), and one possible reason for this might be a reduction in the rate and extent of ATP depletion. Fig. 12 shows that the medullary ATP content of kidneys exposed to hypoxia in the presence ofouabain is indeed significantly higher than in kidneys exposed to hypoxia alone. Only when both anaerobic glycolysis (2DG) and respiratory chain inhibition is present (antimycin) do changes occur. These changes are chromatin margination and cellular edema, without obvious mitochondrial swelling (E and F). By our criteria (described in Methods), these alterations are defined as mild injury. Even under these circumstances, cellular integrity is relatively intact when compared to hypoxic injury (see Fig. 8, A ., Moderate; ., severe. n, Number of experiments ( (32) , and seems to derive from a greater transcellular water permeability (32) that is possibly also related to greater membrane fluidity (33) . By contrast, the mTAL is characterized by a very low hydraulic conductivity and by the presence of a gel-forming Tamm-Horsfall protein that might conceivably play a role in the stability of these cells to osmotic stresses (34 Fig. 7 to Fig. 3 A shows that S3 was more resistant than SI and S2 to procedures producing depletion of cortical tissue ATP. With the addition of 2DG and more advanced ATP depletion, severe cell damage (fragmentation or edema) became extensive. This observation suggests a contribution of anaerobic metabolism to cell integrity in S3, despite reports claiming little or no capacity for anaerobic glycolysis in this nephron segment (4, 24) . It is conceivable that when mitochondrial respiration is blocked, additional inhibition with 2DG of a quantitatively small anaerobic ATP production would induce the marked qualitative changes in cell morphology observed.
In conclusion, the response of various portions of the nephron of the isolated perfused rat kidney to hypoxic or metabolic insults is heterogeneous. Thus, different mechanisms of damage, operating in specific portions of the tubule, may underlie the diverse patterns of injury observed in vivo.
